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Abstract: Obesity has been repeatedly linked to asthma, and several potential mechanisms have
been proposed in the etiologies of the obese-asthma phenotype. Considering that lungs play an
important role in systemic pH and acid–base regulation, are a key organ in asthma development,
and that nutritional inadequacy of several nutrients and high dietary acid load can affect airway
inflammation and reactivity, we aimed to test the hypothesis that dietary acid load may be associated
with asthma in children. Data on 699 children (52% females), aged 7–12 years, were analyzed.
Anthropometric measurements were performed to assess body mass index. Dietary acid load was
calculated using potential renal acid load (PRAL) equations from a 24 h dietary recall administrated
to children. Adjusted PRAL for total energy intake was applied with the use of the residual method.
Lung function and airway reversibility were assessed with spirometry. Asthma was defined by a
positive bronchodilation or self-reported medical diagnosis with reported symptoms (wheezing,
dyspnea, or dry cough) in the past 12 months. After adjustment for energy intake, sex, age, parent’s
education level, and physical activity, positive and significant associations were found between
asthma and PRAL [odds ratio (OR) = 1.953, 95% CI = 1.024, 3.730) in overweight/obese children. Our
findings suggest that dietary acid load might be a possible mechanism in overweight/obese-asthma
phenotype development.
Keywords: asthma; obesity; dietary acid load; PRAL
1. Introduction
Asthma is a chronic inflammatory pathology of the airways that is defined by the association
between inflammation and airway hyperresponsiveness that leads to recurrent episodes of wheezing,
breathlessness, chest tightness, and coughing. These episodes also can be present with airflow
obstruction within the lung, which is often reversible either spontaneously or with treatment [1].
Asthma has been repeatedly linked to obesity [2], and these two chronic conditions may share genetic
and lifestyle drivers, such as physical activity and nutritional and dietary factors [3–5]. Obesity is one
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of the main public health problems [6]. In the last thirty years, the prevalence of obesity increased
by 47% in children worldwide as a result of a complex relationship between genetic, socioeconomic
and cultural factors, consumption patterns, urban development, and lifestyle habits [7]. In Portugal,
overweight and obesity prevalence in children is around 8–9% and 17%, respectively [8]. However, the
etiologies of obese-asthma and the mechanisms linking these two conditions are still poorly understood.
Several potential mechanisms have been proposed in the etiologies of obese-asthma [9]. Firstly, the
excess adipose tissue secretes adipokines (such as leptin and adiponectin) and inflammatory mediators
[namely, Interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-α)] that may affect the airways of
susceptible individuals [9]. Diet directly impacts the immune system and may therefore influence
both susceptibility to and severity of asthma. Finally, physical activity may be lower in asthmatic
and obese individuals. On the other hand, physical activity is a well-studied mechanism in reducing
broncholveolar Interleukin 4 (IL-4), Interleukin 5 (IL-5), and eosinophils and in increasing Interleukin
10 (IL-10) [9]. The occurrence of obesity with asthma in children is also reported as a phenotype that
usually skews Th1/th2 balance towards Th1, although the type 2-driven asthma is also reported [8].
Nevertheless, these asthma phenotypes represent less precisely defined diseases, and much more
information needs to be acquired, especially on the molecular level and the magnitude of influences
from nutritional variables in modulating these associations [10].
Asthma phenotype in obese individuals is also characterized by more severe symptoms, loss of
asthma control, worse quality of life, and different responses to controller medication. However, the
underlying mechanisms between these associations are not fully understood [10–12]. On the other hand,
nutritional inadequacy—high intakes of saturated fat and sodium, higher dietary acid load [13], or low
consumption of dietary fiber and micronutrients (namely, vitamin C, E, and carotenoids) involved in
antioxidant response—can directly affect airway inflammation and reactivity [14]. Furthermore, as
airway smooth muscle proliferative remodeling is one modulator factor for airway hyperresponsiveness,
high ingestion of long-chain fatty acids might be a possible risk factor for asthma development by
acting as ligands for the free fatty acid receptor 1 (FFAR1) [15]. Therefore, these nutritional aspects
may modulate the association between asthma and obesity [16,17]. In addition, dietary acid load,
which consists of the difference between endogenously produced non-volatile acid and absorbed
alkali precursors [18], has been associated with higher body mass index values (BMI) and metabolic
acidosis [19]. On the other hand, potential renal acid load has been widely used in research and is often
associated with insulin resistance in humans in type 2 diabetes development [20], hypertension [21],
peripheral arterial disease [22], serum uric acid, and development of hyperuricemia [23].
Considering that lungs play an important role in systemic pH and acid–base regulation [24], are a
key organ in asthma development, and that nutritional inadequacy in several components and high
dietary acid load can affect airway inflammation and reactivity, we aimed to test the hypothesis that
dietary acid load may be associated with asthma in children.
2. Participants, Study Design, and Methods
This study included school children from a cross-sectional study assembled in Porto, Portugal.
The 20 schools with the highest number of students were selected from 53 primary schools. The
evaluations included a questionnaire and a physical and clinical assessment of children. The University
Health Ethics Committee approved the study (ARIA 248-13), and informed consent was obtained
from the children’s legal guardians. All research was performed in accordance with the Declaration
of Helsinki.
2.1. Participants
In total, 1602 children (7–12 years old) in the 3rd and/or the 4th grades were invited to participate.
Of those, 686 did not return the signed informed consent form, and 58 refused to perform clinical tests.
From our initial sample of 858 children, 159 were excluded due to incomplete nutritional information.
Thus, this study was based on data from 699 children.
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2.2. Questionnaire
The evaluation included an ISAAC (The International Study of Asthma and Allergies in Childhood)
based questionnaire [25] filled out by the parents, including information on social, demographic,
and behavioral characteristics and questions regarding the respiratory/allergic health of the children.
Parental education level was accessed and used as socioeconomic status and was recorded as the
number of successfully completed years of formal schooling, and children were classified according
to the parent with the higher education level. Parental education level was categorized into three
classes: ≤9 years; ≥10 years and ≤12 years; and >12 years. Physical activity was defined based on a
positive answer to the question, “Does your child participate in any sport activity outside of normal
school-period at least once per week?”and then quantifying the physical activity in “less than 2 times
a week”, “2–3 times a week”, and “more than 4 times a week”. Food intake was recorded using the
interviewer-administered 24 h dietary recall method where participants were questioned accurately
about their food and drinks consumption, even reporting brands and consuming time and place [26].
2.3. Participants Assessments
Assessments were performed at each primary school by a research nurse. Weight (kg) and body
fat (%) were measured using a digital scale (Tanita™ BC-418 Segmental Body Analyzer) and height
in centimeters (cm) with a porTable Stadiometer. Body mass index was calculated using the ratio of
weight/height2 (Kg/m2) and classified according to the age- and the sex-specific percentiles defined
by the World Health Organization (WHO). This study considered 2 categories of BMI: zscore ≤1,
indicating non-overweight/obese and ≥zscore >1, indicating overweight/obese.
Lung function and airway reversibility were assessed by spirometry according to American
Thoracic Society (ATS)/ The European Respiratory Society (ERS) (ATS/ERS) guidelines [27] using a
porTable Spirometer (MIR Spirobank, A23-04003237) and were recorded before and after 15 minutes of
inhalation of 400 µg of salbutamol. The predictive values for the spirometry parameters were calculated
based on the The Global Lung Function Initiative (GLI) 2012 reference data [28] using the GLI-2012
Excel Sheet Calculator [29]. Asthma was defined by at least a 12% and over 200 mL increase in forced
expiratory volume in 1 second (FEV1) after bronchodilation or self-reported medical diagnosis with
reported symptoms (wheezing, dyspnea, or dry cough) occurring in the previous year.
2.4. Potential Renal Acid Load (PRAL) Estimation
The software Food Processor®, (ESHA Research, USA) was used to convert food into nutritional
data. The macro- and the micronutrients in this study were corrected for total energy intake by
normalizing all intakes of macro- and micronutrients to a daily diet of 2136 kcal by regression analysis
of the residual method [30]. Potential renal acid load (PRAL) was used to study the dietary acid load
and was calculated with the algorithm of Remer et al. [31]: PRAL (mEq/day) =0.49 × protein intake
(g/d) + 0.037 × phosphorus (mg/day) − 0.021 × potassium (mg/day) − 0.013 × calcium (mg/day) −0.026
× magnesium (mg/day).
2.5. Data Analysis
The SPSS statistical package software v25.0 (IBM, USA) was used to statistically analyze the
data. The Kolmogorov–Smirnov test was used to check continuous variables for normality. The
Mann–Whitney test was used to compare variables between sexes. Significant differences were defined
with an α-value of less than 5% (p < 0.05). Separate binary logistic regression models were fitted for all
samples and stratified for body mass categories considering the different immunometabolic links with
asthma to estimate the magnitude of the association between PRAL (continuous predictor) and asthma
after adjusting for sex, age, energy intake, parent’s education level, and physical activity. The following
models were analyzed: a crude model for the main effect (model 0); a model adjusted for energy intake
(model 1); a model adjusted for energy intake, sex, and age (model 2); and a model adjusted for energy
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intake, sex, age, parent’s education level, and physical activity (model 3). Results of the described
binary logistic regression analyses are presented as odds ratios (OR) and 95% confidence intervals
(95% CI) and are modeled per interquartile range (IQR) increase in PRAL.
A number of further sensitivity analyses were performed to confirm the robustness of our findings.
Firstly, the analysis was remade by stratifying the sample with all the body mass index groups defined
by the WHO instead of overweight/obese and non-overweight/obese. Secondly, we repeated our
analysis using net endogenous acid production (NEAP) equations [32] by stratifying our sample into
non-overweight/obese and overweight/obese participants.
3. Results
The median age of the participants was nine, and 52% were girls. The median PRAL was
13 mEq/day, and no differences were found between boys and girls for this variable (Table 1).
When assessing the association between PRAL and asthma in all samples and after categorization
according to overweight status, positive and significant associations were found only in children who
were overweight/obese (model 0, OR = 1.644, 95% CI = 1.020, 2.650, Table 2), and this association
remained significant after adjustment for possible confounders (model 3, OR = 1.953, 95% CI = 1.024,
3.730) (Table 2).
Sensitivity Analysis
The first sensitivity analysis resulting from stratifying our sample to all the body mass index
categories analysis led to stronger associations for overweight children, but the positive associations
for the obese individuals were no longer significant (p = 0.610). (Supplementary Table S1).
The analysis using NEAP, whose median value in our sample was 52.57 mEq/d and interquartile
range increase was 27.41 mEq/d, also showed a positive association with asthma in overweight/obese
individuals, but no significant results were found (p = 0.133). (Supplementary Table S2).
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Table 1. Characteristic of the participants.
Characteristics Total n = 699 Girlsn = 365
Boys









Age (years) 9.0 (8.0;9.0) 9.0 (8.0;9.0) 9.0 (8.0;9.0) 0.465 9.0 (8.0;9.0) 9.0 (8.0;9.0) 0.163 9.0 (8.0;9.0) 9.0 (8.0;9.0) 0.719
Parental education [n (%)] <0.001 0.650 0.467
0–9 years 174 (24.9) 131 (30.2) 43 (16.2) 53 (32.5) 32 (29.9) 56 (31.1) 31 (37.8)
10–12 years 164 (23.5) 112 (25.8) 52 (19.6) 48 (29.4) 32 (29.9) 60 (33.3) 23 (28.0)
>12 years 197 (197) 92 (21.2) 105 (39.6) 62 (38) 43 (40.2) 64 (35.6) 28 (34.1)
Asthma [n (%)] 68 (9.7) 48 (11.1) 20 (7.5) 0.129 21 (9.7) 16 (12.7) 0.385 13 (5.7) 7 (6.7) 0.715
Physical activity [n (%)] 0.075 0.492 0.956
Less than 2 times a week 301 (43.1) 193 (44.5) 108 (40.8) 100 (52.9) 64 (56.1) 91 (44.0) 38 (40.4)
2–3 times a week 247 (35.3) 156 (35.9) 91 (34.4) 67 (35.4) 40 (35.1) 76 (36.7) 42 (44.7)
More than 4 times a week 78 (11.2) 38 (8.8) 40 (14.1) 22 (11.6) 10 (8.8) 40 (19.3) 14 (14.9)













Protein (g/day) 89.2 (71.1;114.6) 109.0 (87.0;110.8) 95.4 (76.3;95.4) 0.005 86.0 (71.8;109.1) 95.0(73.0;112.4) 0.242 91.7 (75.1;113.5)
103.6
(85.4;121.1) 0.013








































PRAL (mEq/day) 13.1 (1.51;15.57) 14.0 (1.8;26.2) 11.5 (0.53;23.4) 0.138 13.4 (3.2;23.4) 13.4(1.7;27.7) 0.501 13.8 (0.88;27.9)
10.4
(-4.66;10.4) 0.133
BMI classification [n (%)] 0.886
Underweight 8 (1.1) 4 (1) 4 (1.5)
Normal weight 412 (58.9) 247 (62.5) 163 (62.2)
Overweight 156 (22.3) 94 (23.8) 53 (20.2)
Obese 92 (13.2) 50 (12.7) 42 (16.0)
1 Data reported as median (25th; 75th percentile) unless otherwise stated. PRAL: potential renal acid load; BMI: body mass index; WHO: World Health Organization.
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Table 2. Logistic regression analysis for the association between PRAL and asthma for all samples and
according to overweight/obese status a.
OR CI (95%) p
All participants
PRAL
Model 0 1.171 0.900, 1.525 0.241
Model 1 1.123 0.832, 1.516 0.447
Model 2 1.116 0.826, 1.510 0.475
Model 3 1.213 0.863, 1.703 0.266
Non-overweight/obese
PRAL
Model 0 0.916 0.651, 1.288 0.613
Model 1 0.912 0.628, 1.324 0.628
Model 2 0.910 0.627, 1.323 0.622
Model 3 0.959 0.617, 1.491 0.853
Overweight/obese
PRAL
Model 0 1.644 1.020, 2.650 0.041
Model 1 1.874 1.022, 3.337 0.042
Model 2 1.820 1.003, 3.300 0.049
Model 3 1.953 1.024, 3.730 0.042
a OR and 95% CI modeled per interquartile range increase in PRAL (22.04 mEq/d) OR: odds ratio. Model
0—unadjusted model, Model 1—adjusted for total energetic value, Model 2—adjusted for energetic value, gender,
and age, Model 3—adjusted for energy intake, sex, age, parent’s education level, and physical activity. Significant
results are shown in bold.
4. Discussion
We found that, for an increase of 22.04 mEq/d in the potential renal acid load, there was a 95%
increase in the chance of asthma, but only among children who were overweight/obese. This association
was not significant among non-overweight/obese children. Therefore, our work suggests that dietary
acid load might be a nutritional variable to consider in the overweight/obese-asthma phenotype in
children. To our knowledge, this is the first work to explore this association with asthma in children
both with and without overweight/obesity.
Mechanisms to explain the findings in overweight/obese children from the present study are
not known. The etiology of overweight/obesity and asthma is very complex, and both diseases
may share genetic and environmental conditions. However, the interaction between these two
conditions is not well defined, although some longitudinal studies suggest that obesity may precede
asthma [33–36]. Dietary acid load tends to induce a chronic low-grade metabolic-acidosis, which
is associated with metabolic alterations and obesity prevalence in adults [37,38] as well as with the
risk for generation of systemic acidosis and its metabolic consequences in children [39]. Food intake
and subsequent metabolism is a complex process that depends on dietary patterns adopted by the
individual. Furthermore, diet and some food constituents have a well-described role in acid–base
balance due several factors: (1) the chemical composition of foods, mainly protein, phosphorus, sodium,
potassium, calcium, and magnesium content; (2) the differences in the absorption rates of these specific
nutrients at the intestinal level; (3) the metabolic generation of sulphate from sulphur-containing amino
acids; and (4) the ionic valence of calcium and magnesium [40].
In the present study, median PRAL value (median = 13.1; 25th; 75th percentile = 1.51; 15.57) was
higher than others found in cohort studies (median = 6.63; 25th; 75th percentile = −0.36; 14.56) in
children [41]. This value is typically associated with an excess intake of acid precursors, and PRAL
with negative values indicates an ingestion of base-forming potential foods that are nearly exclusively
found in vegetables and fruits groups [42]. However, no differences for PRAL were found between
BMI categories in each sex. Generally, most proteins produce acid, and fruits/vegetables produce
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alkali precursors. Recent data showed that a typical western dietary pattern produces 50–100 mEq
H+ per day that need to be excreted from the body in order to keep homeostasis [43] because, under
normal conditions, blood pH is maintained in a narrow physiological range, and dietary acid load
needs to be neutralized [20]. Considering the large amount of H+ produced within a typical western
diet, situations of chronic mild metabolic acidosis have been considered. Additionally, high dietary
acid loads usually result in a high net production of volatile acids such as hydrogen chloride (HCl)
and hydrogen sulphate (H2SO4). The physiological way of excreting these compounds is by expelling
carbon dioxide (CO2) via the lung and by the excretion of produced sodium salts from the non-volatile
acids by the kidneys in the forms of ammonium and titratable acid [20,44]. As the lung plays main
roles in both asthma development and in the dietary acid load buffering system, we hypothesized
that high dietary acid load can be a plausible mechanism in asthma occurrence or development risk in
obese children that, due to being overweight/obese, tend to have a different immunometabolic stress
compared to non-overweight/obese peers.
The metabolic acidosis caused by a typical western diet with a high dietary acid load also results
in an imbalance in the supply of nutrient precursors of HCO3 and H+. Daily HCO3 delivery to the
systemic circulation may lag behind that of H+. Specifically, the rate of endogenous generation of
HCO3 from the metabolism of dietary inorganic, predominantly potassium salts of organic acids
(e.g., potassium citrate, malate) fails to keep pace with the rate of endogenous generation of H+ from
non-carbonic acids (e.g., sulfuric acid, various organic acids) that can appear either as end-products
of metabolism or ingested precursors. Thus, dietary bicarbonate deficiency may be driven by a
typical high dietary acid load diet, because there is insufficient intake of dietary plant food rich in
potassium-coupled bicarbonate precursors [45]. This may be another important factor associated with
our proposal mechanism, because lower levels of serum bicarbonate and higher levels of anion gap
were associated with lower cardiorespiratory fitness in adults [46].
Our study has a few limitations. The cross-sectional design does not allow the establishment of
causal relationships between dietary acid load and asthma development. Additionally, physical activity
was defined based on a single question using self-reported data, which may not reflect the real activity
performed by children and may lead to bias. However, compared to direct measures, self-reported
methods may be able to represent the type of activity that is undertaken [47]. Although current asthma
was not diagnosed by a physician, the used criteria in this study included a standardized operational
definition of asthma supported by objective lung function measurements [48]. Another limitation of
our study is the fact that food intake was evaluated using questionnaires, which can lead to bias. Lastly,
although several confounders were considered, we cannot rule out that other unknown or unmeasured
confounders may have important influences on our findings. Additionally, the low number of obese
children did not allow us to extrapolate our results to the obese-asthma phenotype. Therefore, further
studies should address this topic.
Our study also has important strengths. To our knowledge, this study is the first community-based
study performing the evaluation of the association between dietary acid load and asthma. Thus, it is also
the first work to suggest a plausible mechanism and link between a dietary factor that can be modulated
by food intake and asthma development in overweight/obese individuals. Additionally, BMI was
calculated based on measured height and weight, avoiding self-perceptions of weight categories by
parents, since most parents underestimated their children’s overweight/obese status [49]. Furthermore,
a comprehensive clinical assessment on a large number of participants, including anthropometry and
lung function assessment, was performed, and PRAL was used to assess dietary acid load; PRAL is a
score commonly used in epidemiologic studies based on protein, phosphorous, potassium, calcium,
and magnesium intake and is a validated tool in children [41,50].
5. Conclusions
In conclusion, we showed, for the first time, that asthma and dietary acid load are associated
in overweight/obese children. These findings highlight the importance and the health benefits of a
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diet rich in base-yielding vegetables and fruits to balance dietary acid load and maintain homeostasis.
Moreover, the obese-asthma phenotype is traditionally a more difficult to control asthma phenotype,
with mechanisms remaining poorly known. This newly suggested link in the obese-asthma phenotype
may lead to a dietary solution that could prevent asthma in overweight/obese individuals.
Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/9/2255/s1,
Table S1: logistic regression analysis for the association between PRAL2 and asthma for all sample and according
overweight/obese status a, Table S2: logistic regression analysis for the association between NEAP2 and asthma
for all sample and according overweight/obese status a.
Author Contributions: All authors were involved in investigation and gave constructive criticism of the study
manuscript. I.P., J.C.R., M.F., D.S., and P.C. participated in the data collection, database construction and
contributed to the interpretation of the results. P.C., F.C.M., M.F., I.P., P.P., A.M., and P.M. contributed to the
statistical analysis and to the interpretation of the results. L.D., P.P. and R.B. contributed to the interpretation of
the results and reviewed the manuscript. P.C., A.M. and P.M. wrote the manuscript with input from all authors.
Funding: This research was funded by SFRH/BD/112269/2015 and SFRH/BD/108605/2015 and EXALAR 21 project
financed by FEDER/FNR and by Fundação para a Ciência e Tecnologia: EXALAR 21 02/SAICT/2017-Project
nº 30193.
Acknowledgments: Authors gratefully acknowledge to Fundação para a Ciência e Tecnologia through the
scholarships SFRH/BD/112269/2015 and SFRH/BD/108605/2015 and EXALAR 21 project financed by FEDER/FNR
and by Fundação para a Ciência e Tecnologia (EXALAR 21 02/SAICT/2017-Project nº 30193).
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Pavord, I.D.; Beasley, R.; Agusti, A.; Anderson, G.P.; Bel, E.; Brusselle, G.; Cullinan, P.; Custovic, A.;
Ducharme, F.M.; Fahy, J.V.; et al. After asthma: Redefining airways diseases. Lancet 2018, 391, 350–400.
[CrossRef]
2. Jiang, D.; Wang, L.; Bai, C.; Chen, O. Association between abdominal obesity and asthma: A meta-analysis.
Allergy Asthma Clin. Immunol. 2019, 15, 16. [CrossRef] [PubMed]
3. Barros, R.; Moreira, P.; Padrão, P.; Teixeira, V.; Carvalho, P.; Delgado, L.; Moreira, A. Obesity increases the
prevalence and the incidence of asthma and worsens asthma severity. Clin. Nutr. 2017, 36, 1068–1074.
[CrossRef] [PubMed]
4. Paciência, I.; Rufo, J.C.; Silva, D.; Martins, C.; Mendes, F.; Farraia, M.; Delgado, L.; Fernandes, E.D.O.;
Padrão, P.; Moreira, P.; et al. Exposure to indoor endocrine-disrupting chemicals and childhood asthma and
obesity. Allergy 2019, 74, 1277–1291. [CrossRef] [PubMed]
5. Barros, R.; Moreira, A.; Padrão, P.; Teixeira, V.H.; Carvalho, P.; Delgado, L.; Lopes, C.; Severo, M.; Moreira, P.
Dietary patterns and asthma prevalence, incidence and control. Clin. Exp. Allergy 2015, 45, 1673–1680.
[CrossRef]
6. Palou, A.; Bonet, M.L. Challenges in obesity research. Nutr. Hosp. 2013, 28 (Suppl. 5), 144–153. [PubMed]
7. Apovian, C.M. Obesity: Definition, comorbidities, causes, and burden. Am. J. Manag. Care 2016, 22, 176–185.
8. Oliveira, A.; Araújo, J.; Severo, M.; Correia, D.; Ramos, E.; Torres, D.; Lopes, C. Prevalence of general and
abdominal obesity in Portugal: Comprehensive results from the National Food, nutrition and physical
activity survey 2015–2016. BMC Public Health 2018, 18, 614. [CrossRef]
9. Scott, H.A.; Wood, L.G.; Gibson, P.G. Role of Obesity in Asthma: Mechanisms and Management Strategies.
Curr. Allergy Asthma Rep. 2017, 17, 53. [CrossRef]
10. Gomez-Llorente, M.A.; Romero, R.; Chueca, N.; Martinez-Cañavate, A.; Gomez-Llorente, C. Obesity and
Asthma: A Missing Link. Int. J. Mol. Sci. 2017, 18, 1490. [CrossRef]
11. Carpaij, O.A.; van den Berge, M. The asthma-obesity relationship: Underlying mechanisms and treatment
implications. Curr. Opin. Pulm. Med. 2018, 24, 42–49. [CrossRef] [PubMed]
12. Tashiro, H.; Shore, S.A. Obesity and severe asthma. Allergol. Int. 2019, 68, 135–142. [CrossRef] [PubMed]
13. Eaton, S.B.; Konner, M.J.; Cordain, L. Diet-dependent acid load, Paleolithic [corrected] nutrition, and
evolutionary health promotion. Am. J. Clin. Nutr. 2010, 91, 295–297. [CrossRef] [PubMed]
14. Wood, L.G. Diet, Obesity, and Asthma. Ann. Am. Thorac. Soc. 2017, 14 (Suppl. 5), S332–S338. [CrossRef]
[PubMed]
Nutrients 2019, 11, 2255 9 of 10
15. Mizuta, K.; Zhang, Y.; Mizuta, F.; Hoshijima, H.; Shiga, T.; Masaki, E.; Emala, C.W. Novel identification of
the free fatty acid receptor FFAR1 that promotes contraction in airway smooth muscle. Am. J. Physiol. Cell.
Mol. Physiol. 2015, 309, L970–L982. [CrossRef] [PubMed]
16. Dixon, A.E.; Holguin, F. Diet and Metabolism in the Evolution of Asthma and Obesity. Clin. Chest Med. 2019,
40, 97–106. [CrossRef] [PubMed]
17. Matoba, A.; Matsuyama, N.; Shibata, S.; Masaki, E.; Emala, C.W.; Mizuta, K. The free fatty acid receptor 1
promotes airway smooth muscle cell proliferation through MEK/ERK and PI3K/Akt signaling pathways.
Am. J. Physiol. Cell. Mol. Physiol. 2018, 314, L333–L348. [CrossRef]
18. Mirmiran, P.; Yuzbashian, E.; Bahadoran, Z.; Asghari, G.; Azizi, F. Dietary Acid-Base Load and Risk of
Chronic Kidney Disease in Adults: Tehran Lipid and Glucose Study. Iran. J. Kidney Dis. 2016, 10, 119–125.
19. Murakami, K.; Livingstone, M.B.E.; Okubo, H.; Sasaki, S. Higher dietary acid load is weakly associated with
higher adiposity measures and blood pressure in Japanese adults: The National Health and Nutrition Survey.
Nutr. Res. 2017, 44, 67–75. [CrossRef]
20. Williams, R.S.; Kozan, P.; Samocha-Bonet, D. The role of dietary acid load and mild metabolic acidosis in
insulin resistance in humans. Biochimie 2016, 124, 171–177. [CrossRef]
21. Parohan, M.; Sadeghi, A.; Nasiri, M.; Maleki, V.; Khodadost, M.; Pirouzi, A.; Sadeghi, O. Dietary acid load
and risk of hypertension: A systematic review and dose-response meta-analysis of observational studies.
Nutr. Metab. Cardiovasc. Dis. 2019, 29, 665–675. [CrossRef] [PubMed]
22. Mazidi, M.; Mikhailidis, D.P.; Banach, M. Higher dietary acid load is associated with higher likelihood of
peripheral arterial disease among American adults. J. Diabetes Complicat. 2018, 32, 565–569. [CrossRef]
[PubMed]
23. Esche, J.; Krupp, D.; Mensink, G.B.M.; Remer, T. Dietary Potential Renal Acid Load Is Positively Associated
with Serum Uric Acid and Odds of Hyperuricemia in the German Adult Population. J. Nutr. 2018, 148, 49–55.
[CrossRef] [PubMed]
24. Kane, K.K. The role of the lungs in the adjustment of acid-base balance. Ann. Clin. Lab. Sci. 1973, 3, 323–328.
[PubMed]
25. Asher, M.; Keil, U.; Anderson, H.; Beasley, R.; Crane, J.; Martinez, F.; Mitchell, E.; Pearce, N.; Sibbald, B.;
Stewart, A.; et al. International study of asthma and allergies in childhood (ISAAC): Rationale and methods.
Eur. Respir. J. 1995, 8, 483–491. [CrossRef] [PubMed]
26. Gibney, M.J.; Lanham-New, S.A.; Cassidy, A.; Vorster, H.H. Introduction to Human Nutrition. In The Nutrition
Society; Wiley-Blackwell: Hoboken, NJ, USA, 2009.
27. Miller, M.R.; Hankinson, J.; Brusasco, V.; Burgos, F.; Casaburi, R.; Coates, A.; Crapo, R.; Enright, P.; van der
Grinten, C.P.; Gustafsson, P.; et al. Standardisation of spirometry. Eur. Respir. J. 2005, 26, 319–338. [CrossRef]
[PubMed]
28. Quanjer, P.H.; Stanojevic, S.; Cole, T.J.; Baur, X.; Hall, G.L.; Culver, B.H.; Enright, P.L.; Hankinson, J.L.;
Ip, M.S.; Zheng, J.; et al. Multi-ethnic reference values for spirometry for the 3-95-yr age range: The global
lung function 2012 equations. Eur. Respir. J. 2012, 40, 1324–1343. [CrossRef]
29. Stanojevic, S. GLI-2012 Excel Sheet Calculator; Global Lung Function Initiative; European Respiratory Society:
Sheffield, UK, 2014.
30. Willett, W.; Stampfer, M.J. Total Energy Intake: Implications for Epidemiologic Analyses. Am. J. Epidemiol.
1986, 124, 17–27. [CrossRef]
31. Remer, T.; Dimitriou, T.; Manz, F. Dietary potential renal acid load and renal net acid excretion in healthy,
free-living children and adolescents. Am. J. Clin. Nutr. 2003, 77, 1255–1260. [CrossRef]
32. Berkemeyer, S. Critique on equations of net endogenous acid production (NEAP) and indirect proof of
constant organic acid excretion. Am. J. Clin. Nutr. 2010, 91, 1409–1410. [CrossRef]
33. Moreira, A.; Bonini, M.; Garcia-Larsen, V.; Bonini, S.; Del Giacco, S.R.; Agache, I.; Fonseca, J.;
Papadopoulos, N.G.; Carlsen, K.H.; Delgado, L.; et al. Weight loss interventions in asthma: EAACI
evidence-based clinical practice guideline (part I). Allergy 2013, 68, 425–439. [CrossRef] [PubMed]
34. Litonjua, A.A.; Gold, D.R. Asthma and obesity: Common early-life influences in the inception of disease.
J. Allergy Clin. Immunol. 2008, 121, 1075–1084. [CrossRef] [PubMed]
35. Weiss, S.T. Obesity: Insight into the origins of asthma. Nat. Immunol. 2005, 6, 537–539. [CrossRef] [PubMed]
36. Matricardi, P.M.; Grüber, C.; Wahn, U.; Lau, S. The asthma?obesity link in childhood: Open questions,
complex evidence, a few answers only. Clin. Exp. Allergy 2007, 37, 476–484. [CrossRef] [PubMed]
Nutrients 2019, 11, 2255 10 of 10
37. Farhangi, M.A.; Nikniaz, L.; Nikniaz, Z. Higher dietary acid load potentially increases serum triglyceride
and obesity prevalence in adults: An updated systematic review and meta-analysis. PLoS ONE 2019, 14,
e0216547.
38. Osuna-Padilla, I.A.; Leal-Escobar, G.; Garza-García, C.A.; Rodríguez-Castellanos, F.E. Dietary Acid Load:
Mechanisms and evidence of its health repercussions. Nefrologia 2019, 39, 343–354. [CrossRef]
39. López-Sayers, M.; Bernal, J.; López, M. Dietary potential renal Acid load in venezuelan children. Nutr. Hosp.
2015, 31, 2054–2061. [PubMed]
40. Remer, T. Influence of diet on acid-base balance. Semin. Dial. 2000, 13, 221–226. [CrossRef]
41. Bühlmeier, J.; Harris, C.; Koletzko, S.; Lehmann, I.; Bauer, C.-P.; Schikowski, T.; Von Berg, A.; Berdel, D.;
Heinrich, J.; Hebebrand, J.; et al. Dietary Acid Load and Mental Health Outcomes in Children and
Adolescents: Results from the GINIplus and LISA Birth Cohort Studies. Nutrients 2018, 10, 582. [CrossRef]
42. Remer, T.; Manz, F. Potential Renal Acid Load of Foods and its Influence on Urine pH. J. Am. Diet. Assoc.
1995, 95, 791–797. [CrossRef]
43. Passey, C. Reducing the Dietary Acid Load: How a More Alkaline Diet Benefits Patients with Chronic Kidney
Disease. J. Ren. Nutr. 2017, 27, 151–160. [CrossRef] [PubMed]
44. Scialla, J.J.; Anderson, C.A. Dietary acid load: A novel nutritional target in chronic kidney disease?
Adv. Chronic Kidney Dis. 2013, 20, 141–149. [CrossRef] [PubMed]
45. Cordain, L.; Eaton, S.B.; Sebastian, A.; Mann, N.; Lindeberg, S.; Watkins, B.A.; O’Keefe, J.H.; Brand-Miller, J.
Origins and evolution of the Western diet: Health implications for the 21st century. Am. J. Clin. Nutr. 2005,
81, 341–354. [CrossRef] [PubMed]
46. Abramowitz, M.K.; Hostetter, T.H.; Melamed, M.L. Lower serum bicarbonate and a higher anion gap are
associated with lower cardiorespiratory fitness in young adults. Kidney Int. 2012, 81, 1033–1042. [CrossRef]
[PubMed]
47. Prince, S.A.; Adamo, K.B.; Hamel, M.E.; Hardt, J.; Gorber, S.C.; Tremblay, M. A comparison of direct versus
self-report measures for assessing physical activity in adults: A systematic review. Int. J. Behav. Nutr.
Phys. Act. 2008, 5, 56. [CrossRef] [PubMed]
48. Silva, D.; Severo, M.; Paciência, I.; Rufo, J.; Martins, C.; Moreira, P.; Padrão, P.; Delgado, L.; Moreira, A.
Setting definitions of childhood asthma in epidemiologic studies. Pediatr. Allergy Immunol. 2019. [CrossRef]
[PubMed]
49. Lundahl, A.; Kidwell, K.M.; Nelson, T.D. Parental Underestimates of Child Weight: A Meta-analysis.
Pediatrics 2014, 133, 689–703. [CrossRef]
50. Japan Public Health Center-Based Prospective Study Group; Akter, S.; Kurotani, K.; Kashino, I.; Goto, A.;
Mizoue, T.; Noda, M.; Sawada, N.; Tsugane, S. High Dietary Acid Load Score Is Associated with Increased
Risk of Type 2 Diabetes in Japanese Men: The Japan Public Health Center-based Prospective Study. J. Nutr.
2016, 146, 1076–1083. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
